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Abstract  8 
  9 
Plant based dried food products are popular commodities in global market where much research is focused to improve 10 
the products and processing techniques. In this regard, numerical modelling is highly applicable and in this work, a 11 
coupled meshfree particle-based two-dimensional (2-D) model was developed to simulate micro-scale deformations of 12 
plant cells during drying. Smoothed Particle Hydrodynamics (SPH) was used to model the viscous cell protoplasm (cell 13 
fluid) by approximating it to an incompressible Newtonian fluid. The visco-elastic characteristic of the cell wall was 14 
approximated to a Neo-Hookean solid material augmented with a viscous term and modelled with a Discrete Element 15 
Method (DEM). Compared to a previous work [H. C. P. Karunasena, W. Senadeera, Y. T. Gu and R. J. Brown, Appl. 16 
Math. Model., 2014], this study proposes three model improvements: linearly decreasing positive cell turgor pressure 17 
during drying, cell wall contraction forces and cell wall drying. The improvements made the model more comparable 18 
with experimental findings on dried cell morphology and geometric properties such as cell area, diameter, perimeter, 19 
roundness, elongation and compactness. This single cell model could be used as a building block for advanced tissue 20 
models which are highly applicable for product and process optimizations in Food Engineering. 21 
 22 
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1. Introduction  34 
 35 
Plant food materials can contain up to 90% of water [1] and because of this, they are extremely susceptible to biological 36 
spoilage. Drying is a technique used to remove excess water from food materials, which helps to significantly reduce 37 
biological reactions. Drying is used as a key food preservation technique for around 20% of the world’s perishable 38 
crops [2]. When moisture in tissues and cells is reduced during drying, significant micro structural deformations occur 39 
that eventually influence bulk level deformations and physical properties of the food material. These cellular and bulk 40 
level deformations at dehydrated conditions are experimentally found to be mainly driven by the moisture content of the 41 
plant tissue [3-9], the drying temperature [10-12] and the cell turgor pressure [13]. Such structural deformations need to 42 
be essentially analyzed and carefully controlled in quality control and process optimization processes in Food 43 
Engineering. To assist such industrial applications, micro-scale empirical [3, 5] and theoretical models [14] are 44 
frequently developed for plant-based food materials. However, not much research has been conducted specifically on 45 
numerical models for micro-scale deformations of food materials during drying. If such models could be developed to 46 
satisfactorily mimic the actual drying behaviours, product quality and processes performance improvements in food 47 
industries would greatly benefit. 48 
 49 
In the literature, several plant cell numerical models can be found that are mainly based on Finite Element Methods 50 
(FEM) and Finite Different Methods (FDM) [15-19]. These models are primarily developed for basic cell mechanical 51 
behaviour studies rather than drying. Also, some researchers have developed vertex cell models to simulate division and 52 
reproduction of cells during tissue development [20, 21]. Considering the fairly simplified cell geometries and 53 
limitations in these models for large deformations of the cell wall, application of such models in dried tissue modelling 54 
is highly challenging. In the case of bulk material deformations, gel material models can be found in the literature for 55 
drying of plant leaves [22]. Here also, there are a number of limitations of the approach used. Firstly, the simplified 56 
continuum material approximation involved which is combined with a hypothetical gel material, does not fairly account 57 
for the unique characteristics of the plant material cellular structure. Also, when it comes to real applications, 58 
quantifying such unique gel material properties becomes challenging so as relating them to actual plant properties in 59 
real world. Further, it is observed that they have not demonstrated any clear means of relating the material deformations 60 
to moisture content reduction, which is actually the fundamental driver of almost all the plant material deformations 61 
during drying. There are also nonlinear visco-elastic material models developed for bulk deformations for pome fruit 62 
cortex during dehydration [23]. Here, it is evident that the FEM approach that they have used it is solely for simulating 63 
plant materials under low-humid atmospheric dehydration that slowly occurs during storage of fruits. In that context, 64 
this particular model doesn’t account for excessive moisture content reductions and is not directly applicable for 65 
modelling of dried plant materials that undergo real drying processes. Further, according to their results, the model can 66 
only simulate tissue shrinkage down to about 10% of moisture reduction, which is not the case in actual drying 67 
processes where the overall moisture reduction can even be higher as 95%.  68 
 69 
Recently, a FEM based microscale tissue drying model is also reported which couples water transport phenomenon and 70 
cellular deformations [24] on a cellular structure generated using a vertex model that approximates cells as polygons of 71 
different shapes [25]. In the context of modelling critically dried plant tissues, this particular vertex model has several 72 
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limitations such as the use of polygon-shape cells with straight cell wall segments that are maintained as straight lines 73 
all the time during simulations (such that two cells equally share the same straight cell wall segment). We believe this 74 
doesn’t fairly replicate actual dried cells in tissues which usually subject to excessive wrinkling and local deformations. 75 
Also, the model assumes cell wall mass is concentrated only on the polygon vertices used, which does not 76 
fundamentally replicate the distributed cell wall material structure of actual cells. Further, it is clearly evident that the 77 
scope of the model is limited to the slower dehydration of plant tissues at storage conditions which basically occurs due 78 
to lower relative humidity of air in storage spaces (not like forced-convective hot air drying in real drying processes). 79 
As a result, the model can only simulate shrinkage down to 30% moisture content reduction and any further 80 
approximations beyond this limit are reported to be not valid since the model does not support cell wall wrinkling. Also, 81 
their main focus is on modelling the turgor loss based primary cellular deformations during dehydration, than excessive 82 
moisture content reduction based deformations. Also the hybrid numerical simulation approach they have used demands 83 
considerable effort to implement since a separate Matlab code is needed to numerically solve tissue geometry in each 84 
time step, which is then fed in to a Comsol based FEM model each time for mesh generation to compute water 85 
exchange parameters.  86 
 87 
The technical challenges and various limitations of these state of the art plant cell drying models highlight their limited 88 
applicability in the scope of this research. Therefore to full this research gap, we aimed for an approach which is 89 
fundamentally capable of handling multiphase discrete nature of the plant material in order to simulate cellular and bulk 90 
level shrinkage (including cell wall wrinkling), at excessive moisture content reductions and turgor loss. This kind of a 91 
modelling approach has a very high potential to be used in real industrial drying applications which demand a clearer 92 
understanding on the underlying physics involved. In this background, meshfree methods seem to be more applicable 93 
than the above mentioned commonly used grid-based approaches such as FEM and DEM, due to their grid-free nature 94 
[26]. In literature, there are many different meshfree methods [27] such as: the Smoothed Particle Hydrodynamics 95 
(SPH) [28],  the Element-Free Galerkin (EFG) method [29], the Point Interpolation Method (PIM) [30, 31], the Mesh-96 
less Local Petrov-Galerkin (MLPG) method [32], the local radial point interpolation method [33] and the boundary 97 
point interpolation method [34]. These methods have found many applications in engineering and science [35-37]. 98 
 99 
Among these methods, SPH is a well matured particle-based meshfree technique, which was initially developed for 100 
astrophysical applications [28]. SPH defines a given problem domain as a set of non-interconnected particles that carry 101 
physical properties, which can evolve to represent new states of a problem domain in time and space. The technique is 102 
quite adaptive for incorporating new physics and mechanisms in to the basic governing equations and can be easily used 103 
for most of the hydrodynamic problems of interest [26]. By using SPH and a Discrete Element Method (DEM), several 104 
researchers [38-41] have recently developed quite comprehensive numerical models to study the basic mechanical 105 
responses of plant cells to external compression, tension, shear and impact loads. However, based on the best of our 106 
knowledge, there is no any meshfree-based model specifically for deformations of plant cells during drying.  107 
 108 
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Fig.1. (a) A plant tissue simply represented as an aggregate of cylindrical cells, (b)  2-D model to represent any cylindrical cell, (c) Particle scheme 
used for the 2-D Cell model: fluid model based on SPH particles and wall model based on DEM particles, and (d) Discrete elements of the cell wall. 
 
 
Accordingly, in this study, we hypothesised that a comprehensive numerical model can be developed to study the 110 
drying related deformations of cells by adapting the fundamentals of the above mentioned SPH-DEM based cell 111 
models, along with novel improvements. Also, it should be highlighted here that, as we are using a fluid dynamic solver 112 
for the cell fluid (i.e. SPH), the model is principally applicable even for much more advanced studies such as responses 113 
of dried tissues for shear or impact loading (that will be addressed by us in future). Also, this work open path ways to 114 
explore capabilities of meshfree methods in a challenging problem domain: microscale plant material drying, which is a 115 
potentially interesting novel application area of numerical techniques. So, considering all these advantages, we selected 116 
the SPH-DEM coupled approach for the cell model in this work. Furthermore, based on literature findings, we 117 
hypothesised that the moisture content and turgor pressure can be used as the key controlling parameters of structural 118 
deformations of plant cells during drying. Compared to our previous works on two-dimensional (2-D) single cell 119 
models [42-44], this paper introduces further model refinements along with new improvements to better represent actual 120 
deformation characteristics of plant cells during drying. 121 
 122 
The paper is organized as follows: the model formulations and assumptions made are initially presented along with 123 
model parameters used. Then the outcomes of dried cell simulations are presented and compared with experimental 124 
findings. A sensitivity analysis is also included to elaborate the influence of three key model parameters. Finally, we 125 
discuss the main findings of the study along with potential future developments.  126 
2. Modelling of a Single Plant Cell 127 
2.1. 2-D representation of a single plant cell 128 
 129 
Considering the aggregation characteristics of a simplified tissue as shown in Fig. 1(a), the basic shape of any plant cell 130 
was approximated to a cylinder that has a uniform longitudinal cross section (Fig. 1(b)). The top circular surface was 131 
used as a 2-D model to represent the whole cell, assuming uniform axial deformations while neglecting Z directional 132 
velocity components and XY plane stresses on both top and bottom surfaces [39]. This basic approximation satisfies 133 
one of the key fundamentally accepted physical concepts of plant cell stability and existence: cell fluid volume is 134 
surrounded by flexible cell wall such that the cell fluid hydrodynamic pressure is counterbalanced by the cell wall 135 
tension [9, 16, 18, 19, 45-51]. On this basis, the model was developed incorporating two main components: cell fluid 136 
and cell wall. The cell fluid was modelled with SPH as an incompressible viscous fluid, where the fluid mass and the 137 
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Fig. 2. Force interactions of the DEM-based cell wall model: wall stiff forces     , wall damping forces  
 
  ,  wall-fluid repulsion forces  
  
  , non-
bonded wall-wall repulsion forces      , wall-fluid attraction forces  
 
  , forces due to wall bending stiffness  
 
   and forces for cell wall 
contractions during drying     . (  : fluid particles;  ,   &   : wall particles) 
 139 
turgor pressure were varied to simulate different dried cell states (see Section 2.5). The cell wall was approximated to a 140 
solid boundary and simply modelled with DEM to better represent the integrity and other characteristics of the 141 
boundary. Although a solid material approximation was used for the cell wall, its mass reduction during drying was 142 
accounted in this work (see Section 2.5). To satisfy the general modelling requirements of both SPH and DEM, the 143 
problem domain was represented using a particle scheme as shown in Fig. 1(c) with two sets of particles: cell fluid 144 
particles and cell wall particles. The next two sections present how SPH and DEM were applied on this particle scheme. 145 
Since this is an extension of our previous work [44], only the novel model developments are presented here in detail and 146 
other related formulations and model setup details which were adopted from our previous work are summarized under 147 
Appendix (see Section 8). 148 
2.2. Cell wall model (DEM) 149 
 150 
The proposed cell wall model uses a Neo-Hookean solid material approximation [47, 48, 50] to account for its elastic 151 
characteristics and augmented with a frictional damping term to account for viscous behaviour of the wall material. This 152 
damping term also helps to account for energy dissipation in the cell wall and enhances model stability during time 153 
evolution [39]. In addition to that, to account for different cellular mechanisms during drying, we adopted the cell wall 154 
model features introduced in our previous work [44]. In this work, we introduce two additional features to improve the 155 
cell wall model: cell wall contractions and moisture removal during drying (see further). All these formulations are 156 
applied onto the cell wall by firstly discretising it in to a set of interconnected elements as shown in Fig. 1(d). In the 157 
particle scheme, each of these elements is represented by a particle that owns the physical properties of the 158 
corresponding wall element. A chain of such particles is used to represent the complete cell wall, and the wall 159 
deformations are referred to as particle displacement characteristics. As shown in Fig. 2, the wall model involves seven 160 
types of force interactions; cell wall stiff forces (  ), wall damping forces (  ), wall-fluid repulsion forces (   ), non-161 
bonded wall-wall repulsion forces (   ), wall-fluid attraction forces (  ), forces due to bending stiffness of the wall 162 
(  ), and forces to create contractions of the cell wall during drying (  ).    is one of the key new addition to the wall 163 
model compared to our previous work [43] (see further). Therefore, the total force (  ) on any wall particle   is derived 164 
using the above set of force interactions as: 165 
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where:   is any neighbouring fluid particle,   is any bonded wall particle and   is any non-bonded wall particle. Detailed 166 
formulations for   ,   ,    ,    ,    and    are included under Appendix (see Section 8.1). In this work, we introduce 167 
the cell wall contraction forces (  ) for the cell wall model as given in Eq. 1, to specifically account for the cell 168 
perimeter reductions observed in experiments (See Fig. 6(c)) [3, 9, 52]. Similar cell wall hardening and tightening 169 
effects are reported in water deficit plant cells [53], and such effects positively influence to retain turgor pressure inside 170 
cells [54, 55]. These wall hardening effects are found to be related with chemical and physical changes in the cell wall 171 
structure during dehydration [53, 56, 57]. These findings provide further evidence on the importance of accounting for 172 
cell wall contraction effects when modelling dried cells. Since, the cell wall contraction effects can vary based on the 173 
plant variety, empirical data is also needed to be referred in order to account for unique cell wall contraction effects of 174 
different plant materials. Therefore, a simplified empirical-analytical combined formula was defined by us to determine 175 
the    on any wall element    in its lateral direction (see Fig. 1(d)) as: 176 
 177 
where,     is the force coefficient of wall contractions, which is a parameter that determines the  
  force intensity and 178 
is set appropriately to have a better agreement between experimental findings and simulations (see further), L is the 179 
current width of any particular wall element (see Fig. 1(d)),   
  is the width of the wall element at fully turgid condition, 180 
  and   are empirical factors to be selected for the particular plant cell type based on the overall normalized perimeter 181 
reduction characteristics during drying (see further), and      is the normalized moisture content of the dried cell to be 182 
simulated. Firstly, the   and   factors were set to 0.2 and 0.9 by considering the normalized cell perimeter trends of our 183 
experiments [52] (Fig. 6(c)), where the overall reduction is about 0.2 when the normalized moisture content reduction is 184 
about 0.9. A series of trial simulations were then conducted to determine the appropriate     such that the normalized 185 
perimeter trends of the model and the experiments were in good agreement. The selected     value is given in Table 1. 186 
With these selected parameters, the Eq. (2) ensures the cell wall element get sufficiently contracted during drying. For 187 
instance, in the case of a dried cell of      = 0.1, the  
  forces in Eq. (2) will continue to contract the cell wall until the 188 
cell perimeter reaches about 0.8 of the fully turgid perimeter, and thereby ensures a good agreement with the 189 
experimental findings on cell perimeter (see Fig. 6(c)). Furthermore, we hypothesized that, in order to logically support 190 
for such cell wall contractions, the cell wall itself will also experience moisture reductions during drying, and in this 191 
research we simply considered such reductions to be proportional to the fluid mass reduction of the cell. This is the 192 
second key new addition to the wall model compared to our previous work [44]. Therefore, when simulating dried cells, 193 
cell wall mass was initially set proportional to the desired cell     , and was kept constant during time evolution (see 194 
Section 2.5 for more details). 195 
2.3. Cell fluid Model (SPH) 196 
 197 
Since cell fluid is mainly occupied by water-based solutions [9], SPH can be used to numerically model the cell fluid by 198 
treating it as a high viscous incompressible Newtonian fluid with low Reynolds number flow characteristics [38-40]. In 199 
our previous work [44], we used a similar cell fluid approximation along with a cell fluid-wall attraction force field, 200 
        [    
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 201 
Fig. 3.  Cell fluid model uses four types of force interactions within the SPH particle scheme: pressure force      , viscous force  
 
   ,  wall-fluid 
repulsion forces       and wall-fluid attraction forces  
 
   (  &     : fluid particles;    &  : wall particles) 
 202 
which was newly introduced in order to ensure the cell fluid is well attached to the cell wall, particularly when 203 
simulating dried cells. As presented in Fig. 3, the same cell fluid model was used here that involves four types of force 204 
interactions: fluid pressure forces (  ), fluid viscous forces (  ), wall-fluid repulsion forces (   ), and wall-fluid 205 
attraction forces (  ). The resultant effect of these forces is used to derive the total force    on any fluid particle i as:  206 
 207 
 208 
Since the formulations of these force types were presented in detail in our previous work [44], a summary of the details 209 
of these formulations are presented under the Appendix (see Section 8.2).  210 
2.4. Computational implementation of a fresh apple cell 211 
 212 
The above mentioned formulations were used to model a fresh apple cell in 2-D and Table 1 shows the values used for 213 
key model parameters. The cell wall was setup by placing the wall particles in a circular ring of the desired initial cell 214 
diameter. Then the fluid particles were placed inside the cell wall on a square grid arrangement (without any 215 
interconnections). This kind of an initial homogeneous particle placement is critical since we have assumed that the 216 
initial fluid density and particle mass are uniform all over the fluid domain (i.e. volume represented by each particle is 217 
same). Accordingly, the square particle configuration was used in this work other than a concentric circular 218 
arrangement, because it was programmatically convenient to achieve the uniform initial particle spacing with former 219 
method. Also, this particular particle placement approach has been benchmarked for SPH heat conduction studies of 220 
disks [58]. Further for simplicity, the initial fluid particle spacing was set equal to the initial spacing between 221 
neighbouring cell wall particles. In order to ensure a smoother wall-fluid interaction, to avoid any undesirable fluid 222 
particle penetrations through the wall, and to limit unrealistic fluid-wall separations, a set of massless virtual particles 223 
were also used, that do not demand computational effort so as the real wall particles [26, 39]. These particles are same 224 
in number to that of the real wall particles and were located at mid points of line segments joining each adjacent real 225 
wall particles. We also highlight here that the wall-fluid interactions can fundamentally be further enhanced by having 226 
finer wall particle locations or using wall-fluid repulsive forces which can be calculated using interpolation functions 227 
[59].  228 
 229 
The initial cell wall mass was taken as 0.1 of the initial cell fluid mass, which was calculated using the initial cell fluid 230 
volume and density. Initial pressure, fluid viscosity and osmotic potential were set as given in the Table 1.  The time 231 
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Table 1. Key parameter values used to model a fresh apple cell 
 232 
Parameter Value Source 
Initial cell diameter (  ) 150    [6] 
Initial cell height (  ) 100    [39] 
Wall initial thickness (  ) 6    [17] 
Initial cell fluid mass 1.77 × 10 -9    calculated  
Wall mass (10% of cell fluid mass) 1.77 × 10 -10    calculated [39] 
Fluid viscosity ( ) 0.1       [38, 39] 
Initial fluid density (  ) 1000    
   set  
Fresh cell turgor pressure (  ) 200     [16, 39] 
Fresh cell osmotic potential ( ) -200     (     ) [38, 39]  
Wall permeability (  ) 2.5 × 10 
-6     s set  
Wall shear  modulus ( ) 18    [17, 39] 
Wall bending stiffness (  ) 1 × 10 
-11         set  
Wall damping ratio ( ) 5 × 10 -6      set [39] 
Fluid compression modulus ( ) 20     [39] 
Wall contraction force coefficient (   ) 9 × 10 
-4     set  
LJ contact strength for wall-fluid repulsions (  
  
) 1 × 10 
-12     set  
LJ contact strength for wall-wall repulsions (  
  ) 1 × 10 -12     set  
LJ contact strength for wall-fluid attractions (  
 ) 2 × 10 -12     set  
Initial smoothing length (  ) 1.3 × initial fluid grid spacing set  
Time step (  ) 1 × 10 -9   set  
 233 
integration of the model was simply performed using a Leapfrog integrator [26] rather than any advanced time stepping 234 
methods such as splitting integration scheme [60] or NSPH approach which allows much higher time steps compared to 235 
the standard SPH [61]. In our simulations, we used a sufficiently small time step (see Table 1) in order to satisfy the 236 
minimum time step conditions governed by the Courant-Friedrichs-Lewy (CFL) stability criterion, particle accelerations 237 
and viscous effects [26, 62, 63]. Also, since the cell wall boundary particles were connected using harmonic springs; the 238 
minimum time step is also governed by the stiffness of the springs and the wall particle mass [40]. In addition to that, 239 
higher fluid compression modulus can also limit the time step size in order to ensure stability (if the compression 240 
modulus is set too low, the fluid tend to behave in a compressible manner) [39].  241 
 242 
During fresh cell simulations, according to Eq. (19), whenever there is a difference between the cell turgor pressure and 243 
the magnitude of the osmotic potential, the cell fluid mass tends to change resembling the hydraulic conductivity of real 244 
cell walls. According to Eq. (15), when the cell experiences such fluid mass fluctuations, the fluid density experiences 245 
slight variations which tend to cause significant turgor pressure fluctuations as given by Eq. (14). These fluctuations 246 
tend to push the cell wall inwards or outwards, causing cell deformations. Based on such cellular dimensional changes, 247 
the turgor pressure tends to fluctuate until the fluid pressure driven forces become balanced by the cell wall tension. 248 
These changes in the cell turgor pressure will then lead to cell fluid mass gains or losses according to Eq. (19). This 249 
cycle of model evolution repeats until the cell reaches steady state condition where the turgor pressure magnitude 250 
becomes almost equal to the magnitude of the initially set osmotic potential and any further moisture exchanges through 251 
the wall cease. This final particle scheme is then taken as the fresh cell state and the corresponding physical properties 252 
such as cell fluid mass, turgor pressure and cell dimensions are determined to characterise the fresh cell state. 253 
According to Eq. (19), the time it takes to reach the steady state condition during time evolution is mainly influenced by 254 
the    [39]. So, in order to get a computational advantage, all the simulations used here were conducted by artificially 255 
setting the    to a higher value (as given in Table 1), than the realistic value which is about 1 × 10 
-12     s [45]. It 256 
should be further noted here that, if the permeability is set much higher than the value given in Table 1, the model can 257 
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become unstable. Furthermore, the values for   
  
,   
  ,   
     ,    and   were selected after a series of trial simulations 258 
to ensure computational accuracy and stability.  259 
2.5. Computational implementation of dried apple cells 260 
 261 
Dried food products are usually produced by drying the particular fresh plant material for long hours. If such lengthy 262 
processes were to be completely simulated in time-domain using microscale numerical models with fairly small time 263 
stepping, the computational cost would be prohibitively excessive. Therefore, instead of such a time-domain based 264 
approach to simulate the whole drying cycle as a single simulation, we used a moisture-content-domain based approach 265 
which was introduced in our previous work [44]. Accordingly, a number of representative dried cell states are firstly 266 
chosen (having distinct moisture content and turgor pressure values), which can sufficiently characterize the overall 267 
drying process. Then, the cell model is used to simulate these selected cell states only. For this purpose, independent 268 
simulations are conducted by initiating the cell model with corresponding moisture content and turgor pressure values. 269 
When the models reach steady state conditions, those are referred as the corresponding intermediate dried cell states of 270 
a complete drying cycle. Thereby this moisture-content-domain approach can be used to excessively reduce the 271 
computational cost needed to perform simulations in order to observe the overall deformation behaviour of a plant cell 272 
during a lengthy drying process. 273 
 274 
In case of the turgor pressure of dried cells, we used a different hypothesis compared to our previous work [44]. When 275 
referring to that model, it is observed that the shrinkage predictions are over-estimating the actual shrinkage behaviour 276 
of plant cells especially for cell area, diameter and roundness (see Fig. 6). This can be mainly due to the shortcomings 277 
of the hypothesis we used in that model, where the turgor pressures of all the critically dried cell states were 278 
approximated to the atmospheric pressure. In this regard, some evidence could be found on the existence of positive 279 
turgor pressure in cells until the cell walls lose their integrity and collapse [6]. In water deficit plant cells, the turgor loss 280 
and the moisture content is inter-related [64], and even at very low cell moisture content values, cell turgor pressure is 281 
maintained at positive values as a result of different cellular mechanisms [53-55]. Based on these findings, we used 282 
positive turgor pressure values for dried cell simulations in this work. Further, we hypothesized that the turgor pressure 283 
would gradually reduce during drying with the reduction of the cell fluid mass, because the available fluid volume 284 
inside the cell would gradually became insufficient to maintain higher turgid conditions. Therefore, the turgor pressure 285 
was simply taken to be directly proportional to the moisture content of dried cells. Accordingly, when the fresh cell 286 
turgor pressure was taken to be 200 kPa (Table 1), the dried cells of: 0.9     , 0.7     , 0.5     , 0.3      and 0.1 287 
     were simulated by using initially set turgor pressures of: 180 kPa, 140 kPa, 100 kPa, 60 kPa and 20 kPa. In each 288 
case, the magnitude of the osmotic potential was also set equal to the corresponding initial turgor pressure and kept 289 
unchanged during time evolution. Therefore as explained in Section 2.4, with the time evolution, the final steady state 290 
turgor pressure of each dried cell state would almost reach the initially set turgor pressure value. The cell wall drying 291 
effects were also incorporated by setting the initial cell wall mass to 0.9, 0.7, 0.5, 0.3 and 0.1 of the cell wall mass 292 
corresponding to the fresh condition (= 10% of the fresh cell fluid mass as given in Table 1). However, the cell wall 293 
mass was kept fixed at these initially set values during the time evolution. After time evolution, the final cell physical 294 
10 
 
properties and other geometrical parameters were used to characterise each of the dried cell states and compared with 295 
the experimental findings.  296 
 297 
Furthermore, in all these simulations (including the fresh cell), the cell model was considered as a thermodynamic open 298 
system that owns a flexible and permeable boundary: the cell wall. Accordingly, mass and energy is allowed to cross 299 
the system boundary at different states, and our main focus was on the deformations of the system (cell) and its 300 
boundary (cell wall). So, as mentioned above, each cell state was individually simulated by initially setting the 301 
corresponding turgor pressure, osmotic potential, fluid mass, wall mass, and allowing the cell to inflate by exchanging 302 
water through the semi-permeable cell wall. During time evolution, small amounts of mass (cell fluid) cross the 303 
boundary until the system reaches steady state condition and then the mass transfer ceases. During all these cell 304 
evolutions, the same initial particle number was maintained within the cell by preventing any fluid particle to cross the 305 
cell wall boundary. Therefore, to achieve the desired mass transfer which eventually results in a particular cell moisture 306 
content, the mass values of fluid particles were allowed to change as defined by Eq. (19). This approach does not 307 
directly replicate the conventional fluid particle diffusion phenomena through the cell wall. However, since our main 308 
focus is on the steady state cellular deformations influenced by the moisture content of the cells, the proposed method 309 
eventually produces the same final outcome. With this method, the cell model and SPH computations become less 310 
complex, and much more stable than if the particles were actually allowed to cross the wall boundary. Due to this 311 
thermodynamic open-system approach, when the system mass changes, theoretically there can exist slight temperature 312 
changes in the system. This was omitted considering the scope of this research as our preliminary objective was to study 313 
the mass transfer driven cell deformations.  314 
 315 
In each of the above simulations, the steady state cellular deformations were quantified using several cellular 316 
geometrical parameters such as cell area ( ), feret diameter1 ( ), perimeter ( ), roundness2 ( ), elongation3 (  ) and 317 
compactness
4
 ( ), and were analysed against the dry basis moisture content (  = kg water / kg dry solid). For  better 318 
comparison, normalized parameters: (    ,     ,     ,     ,     ,        and     ), were eventually used by 319 
dividing each parameter by the corresponding initial value of the fresh cell state: (  ,   ,   ,   ,   ,     and   ). 320 
These simulation results were compared with apple cellular experimental data obtained from our experiments [52] and 321 
literature [3] (see Section 4.3 - 4.7). 322 
                                                          
1 √   ⁄  
2        
3 √   ⁄           
4               
 323 
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Fig. 4. SEM images of apple cells at different states of dryness: (a)     = 1.0, (b)      = 0.5, (c)      = 0.2, and (d)       = 0.1. 
 324 
2.6. Computer implementation and visualization of the model 325 
 326 
Above mathematical formulations of the model were programmed in a parallel C++ code and simulations were run on a 327 
high performance computer (HPC) using 6 cores (each: 2.66GHz processor and 256GB RAM) on a single Xeon E5-328 
2670 node. The C++ source code was developed by partly adopting an existing SPH source code written in FORTRAN 329 
[26]. For model visualizations, Open Visualization Tool (OVITO) [65] was used. 330 
 331 
3. Drying Experiments and Cell Geometry Analysis 332 
 333 
In order to validate a single cell drying model, similar single cell based drying experiments are ideally suited. However, 334 
considering various practical difficulties of conducting single-cell based drying experiments, we had to rely on tissue-335 
based experiments to obtain average cell-wise morphological data. Accordingly, a series of laboratory drying 336 
experiments were conducted by us on the Gala apple tissues (Malus ‘Domestica’) for morphological changes as a 337 
function of normalized moisture content of the bulk samples [52] (see Section 8.3 under Appendix for details). Using 338 
these tissue-based findings, cell-wise changes were quantified by individually calculating the geometrical parameters of 339 
each selected cell, followed by a statistical analysis to obtain average cell-wise data. It should be noted here that, cells in 340 
tissues are subjected to intercellular bonds which cause them to have fairly irregular deformations during drying, than 341 
any expected isotropic deformations of isolated single cells. However, since the actual cell-wise changes are referred 342 
here in the development of a single-cell model, when this kind of a model is used as building blocks in tissue models in 343 
future, it will have higher capability to replicate real tissue drying mechanisms. 344 
4. Results and Discussion 345 
4.1. Determination of the optimal particle scheme for the cell model 346 
 347 
For a given simulation, an optimum particle scheme ensures a better computational efficiency that specifies the 348 
computational time required to perform model computations at a desired accuracy. Generally in SPH, one of the main 349 
factors that determines the computational time is the discretisation resolution that depends on the particle resolution. 350 
Next, in case of the computational accuracy,  the critical factors involved are: the particle resolution [39, 58], influence 351 
(a) (c) (b) (d) 
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domain particle number [26, 58], and the initial relative locations of boundary and interior particles [58, 66]. Here, the 352 
computational accuracy of the cylindrical cell model was defined by using a method proposed by several researchers in 353 
their SPH-DEM cell models [39]. This method compares model predictions of the average hoop directional inter-354 
particle cell wall force, against the corresponding theoretical wall tensile force
5
. To optimize the computational 355 
efficiency, a series of numerical studies were conducted similar to our previous work [44] on a fresh cell by changing 356 
particle resolution, influence domain particle number and the (    ⁄ ), which is the ratio of the initial relative distance 357 
between the outer most fluid particles and the cell wall particles (  ), and the initial fluid particle spacing (  ). Firstly, 358 
the particle resolution was altered and model performance was observed. Here, the initial spacing between fluid 359 
particles and wall particles was always set equally by varying the cell wall particle number (  ), which eventually 360 
determines the number of cell fluid particles (  ), that in turn resulted in different resolution models (see Section 2.4). 361 
Accordingly, individual cell models with different    values ranging from 40 to 160 were studied and    = 100 (   = 362 
788) was identified as the optimum particle resolution by considering the percentage error of model consistency
6
 and 363 
the computational time. In the same study, a series of secondary tests were conducted to further optimize the 364 
computational accuracy of the model by changing the influence domain particle number and     ⁄ . It was found that 365 
the model accuracy was optimized when the influence domain particle number is about 20 and     ⁄  ≤ 0.2. This 366 
particular influence domain particle number is fairly agreeable with the standard SPH recommendations to ensure 367 
higher accuracy of 2-D models [26]. Also the selected     ⁄  value agrees with a similar finding of improved accuracy 368 
when 0.2 ≤     ⁄  ≤ 0. , which is reported for 2-D heat conduction modelling of a disk using SPH [58]. This optimized 369 
particle scheme was used in this work and in the case of the fresh cell state, it resulted in a minimum percentage error of 370 
model consistency of about 0.8% which is a significant achievement when comparing with the state of the art SPH-371 
DEM cell models that normally have 4% to 7% of consistency errors [39]. Further, the fluid incompressibility property 372 
could also be well maintained by limiting the density fluctuations to 0.02%.   373 
4.2. SEM images of tissue samples at different states of dryness 374 
 375 
In Fig. 4, selected SEM images of the apple tissues are presented, where Fig. 4(a) corresponds to a fresh tissue and Fig. 376 
4(b)-(d) correspond to tissues of        0.5, 0.2 and 0.1. When referring to the fresh cells as observed from Fig. 4(a), 377 
the majority are quite similar in size, while some others are comparatively smaller or larger. The fresh cells appear to be 378 
fairly circular in two-dimensional shape. This is mainly due to the existence of positive turgor pressure in the cell fluid, 379 
which is counterbalanced by the cell wall tension [9, 16, 18, 19, 45, 46, 48]. Since they are bonded to the surrounding 380 
cells in the tissue; considerable cell wall wrinkles and warps are also present. When the tissues are getting dried, a 381 
significant level of microstructural deformation happens, as observed from Fig. 4(b)-(d). These are mainly driven by the 382 
moisture removal from the cell interior, followed by the turgor loss and cell wall contractions as discussed in Section 383 
2.2 and 2.5. 384 
                                                          
5 Theoretical wall tensile force  =     ×   ×      
6 % error of model consistency = 100   (wall force predicted by the model – theoretical wall force) / theoretical wall force 
 385 
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Fig. 5. Cell model with cell wall contraction effects (WC), cell wall drying  effects (WD) and positive cell turgor pressure effects (TP): (a) 
initial condition before simulations, (b) turgid condition      = 1.0 &    = 200    , dried conditions: (c)      = 0.8 &    = 160    , (d) 
     = 0.6 &    = 120    , (e)      = 0.4 &    = 80    , (f)      = 0.2 &    = 40     and, (g)      = 0.1 &    = 20    . 
 
 386 
Considering all these effects, cellular deformations during drying can be broadly divided into two stages.  387 
Firstly, when the turgor pressure decreases with drying, the overall cellular dimensions are reduced and are 388 
further assisted by the contractions of the cell wall. During this stage, compared to the atmospheric pressure, 389 
there exists a significantly higher turgor pressure inside the cell and thereby the cell shape remains fairly 390 
circular. During the latter part of the drying cycle, moisture is further removed from the cell interior and the 391 
turgor pressure reaches comparatively lower values. In this stage, the cell wall usually has a lower tension and is 392 
more susceptible to warping or wrinkling, particularly due to the influence of external forces, such as the 393 
intercellular bonds. However, since the plant cells usually have rigid cell walls, above microscale deformations 394 
are restrained to a small degree. It was further observed that the cell wall usually undergoes fairly irregular 395 
deformations during drying, but with minimum damage to the wall structure (Fig. 4(c) and (d)). It should also be 396 
highlighted here that, when simulating individual cells, we cannot expect excessive irregular deformations as 397 
observed in actual tissues, because the individual cell are not subjected to any influence from the surrounding 398 
cells.  399 
4.3. Simulation of cell deformations at different states of dryness 400 
 401 
As described in Section 2.5, different dried cell states characterised by the normalized moisture content and the 402 
turgor pressure were simulated, starting from a fresh cell state (   ⁄  = 1.0 and    = 200    ) to an extremely 403 
dried cell state (   ⁄  = 0.1 and    = 20    ). Simulation outcomes are presented in Fig. 5 along with the initial 404 
particle placement used, where the fluid particles are placed in a square grid surrounded by the circular wall 405 
boundary (Fig. 5(a)). The Fig. 5(b) corresponds to the steady state fresh cell while Fig. 5(c)-(g) present dried 406 
cells. When comparing with the initial particle placement (Fig. 5(a)), it is clearly observed that the fresh cell has 407 
inflated and maintained its circular shape, mainly due to the positive turgor pressure and the nonexistence of any 408 
external intercellular interactions to alter the cell shape. Furthermore, based on the positive turgor pressure 409 
hypothesis used in this work, the dried cell shapes are fairly circular. During drying, dimensions of the cell 410 
model tend to decrease in agreement with the overalls shrinkage behaviour observed in experiments (Fig. 4). It 411 
implies that the real individual cells undergo local cell wall contractions and dimensional changes mainly 412 
because of the moisture reduction, turgor loss and cell wall contractions, which were all incorporated in this 413 
model. We also argue that the fairly circular shapes of individual dried cells are acceptable as there are no 414 
external force influences exist to alter their shape. However, in the case of extremely dried cells, the existing  415 
(a) (b) (c) (d) (e) (f) (g)
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 416 
Fig. 6. Cellular geometric property variations with the cell moisture content: (a)    ⁄ , (b)    ⁄ , (c)    ⁄ , (d)    ⁄ , (e)      ⁄ , (f) 
   ⁄ . (Error bars indicate one standard deviation) 
 417 
turgor pressure is not fairly significant and the cells are more prone to deformations under external influences, 418 
than in case of comparatively less dried cells. Also, when compared to the state of the art grid-based microscale 419 
drying models that are not capable of simulating extensive moisture reductions [24], our model guaranties stable 420 
simulations even at 90% moisture content reduction (Fig. 5(g)). This highlights the benefit of using meshfree 421 
methods for these multiphase systems. However, more advanced models will be needed to fully represent the 422 
actual wrinkled or warped cellular shapes observed in cells in tissues (Fig. 4(d)). Even in such models, the 423 
outcome and the concepts introduced in this research will be very useful; because, such tissue models can 424 
fundamentally be built by aggregating individual cells. In that case, the local deformation characteristics of 425 
individual cells will have a significant influence on the tissue scale deformations. Further, it should be noted 426 
here that there is some degree of irregularity in some of the above cell fluid particle distributions that can 427 
fundamentally affect the model consistency. However, as presented in Eq. (13), since the smoothing length is 428 
dynamically adapted to have approximately 20 particles within the influence domain of each fluid particle, the 429 
accuracy of computations can be assured [26]. Also, we believe that this particular particle irregularity 430 
behaviour needs to be further investigated. One may even relate this to the tensile instability phenomena which 431 
is a frequent problem in SPH that can lead to particle clumping [26]. In addition to the different preventive 432 
methods proposed for this [67-69], it has been reported that the tensile instability mostly happen when the 433 
product of the second derivative of the smoothing kernel and the stress state of the problem domain, is positive 434 
[70]. Accordingly in the case of our cell model, the fluid is always subjected to a positive turgor pressure (i.e. 435 
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compression), and the second derivative of the quartic kernel of any given SPH fluid particle is always positive 436 
between any of its immediate two nearest neighbouring particles [26]. This implies that, there is a very limited 437 
possibility to have tensile instability in the cell fluid model that can cause particle irregularity.  438 
 439 
In addition to these qualitative model predictions, several cellular geometrical parameters (as introduced in 440 
Section 2.5) were also studied and are presented in Fig. 6. In order to have a better result interpretation and 441 
comparison, our own experimental findings [52] are used along with another set of drying data from literature 442 
on apple cells [3]. Also, in order to highlight the current model improvements, simulations results of our 443 
previous work [44] are also used as a reference. As shown in Fig. 6(a), when the    ⁄  trends of both of the 444 
experimental curves are considered, a clear decrement is observed which confirms the existence of cellular 445 
shrinkage during drying, as visually observed from tissue images in Fig. 4. Both curves also indicate a rapid 446 
area reduction at extremely dried conditions (   ⁄   ≤ 0.1) that represent the collapse of the cellular structure. 447 
When the model predictions are compared with these experimental findings, it is observed that the new model is 448 
better performing than the previous model. This is especially evident in fairly dried conditions (0.4 ≥     ⁄  ≥ 449 
0.1), where the significance of the positive turgor pressure hypothesis is clearly observed. The overall shrinkage 450 
trend corresponding to this work appears to be quite acceptable when compared with the gradually shrinking 451 
behaviour observed from the experimental curves. However, in order to specifically account for much finer 452 
cellular shrinkage trends observed in experimental curves, tissue models with intercellular interactions will be 453 
needed.  454 
 455 
Next, as shown in Fig. 6(b), when the    ⁄  trends are considered, a good agreement is observed from the new 456 
model compared to the previous model, especially in extremely dried cell states. These can be explained 457 
similarly as in case of the    ⁄  trends. The    ⁄  trends are presented in Fig. 6(c) and the experimental curves 458 
indicate that the cell perimeter continues to reduce with the moisture content. The current model is in good 459 
agreement with both of the experimental curves, which clearly highlight the importance of the cell wall 460 
contraction forces and the gradually reducing positive turgor pressure effects introduced in this work. Since the  461 
previous model doesn’t use such effects, it only produces cell perimeter reductions in the initial stages of drying 462 
(   ⁄  ≥ 0.8), where the turgor pressure was taken to be positive [44]. As the cell get further dried, the cell 463 
perimeter remains almost unchanged due to two reasons: constant turgor pressure hypothesis used and the 464 
negligence of any cell wall contractions effects. In this background, only the wall-fluid attraction forces may 465 
cause some cell wall contraction effects in the previous model. However, such forces also become ineffective to 466 
contract the cell wall because they mainly act perpendicular to cell wall elements, which usually result in 467 
wrinkling or warping of the cell wall rather than any absolute contractions of the cell wall itself. In Fig. 6(d), the 468 
   ⁄  trends observed form both of the experimental curves indicate a fairly unchanged cell roundness 469 
throughout the drying cycle and the current model predicts the cell roundness comparatively well. It is mainly 470 
due to the positive turgor pressure and the cell wall contraction effects used in the model, that help to maintain a 471 
fairly circular cell shapes even at extremely dried states as shown in Fig. 5. However our previous model 472 
doesn’t support this particular behaviour and predicts a fairly intense roundness reduction when    ⁄  ≤ 0.8. 473 
Since the roundness is defined using both   and  , these roundness prediction errors should be due to the 474 
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cumulative effect of the above discussed   and   variations of our previous model. This highlights the 475 
significance of the model improvements proposed in this work. We further note here that, in order to account for 476 
finer trends of roundness changes particularly observed in extremely dried actual cells, tissue models will be 477 
needed since the roundness is also influenced by cell-cell interactions.  478 
 479 
The      ⁄  trends are presented in Fig. 6(e), that provide useful insights on the limitations of the current single 480 
cell model. It is observed that the two models are in good agreement with experiments, mostly until the cells are 481 
moderately dried (   ⁄  ≥ 0.5). This indicates that the cells are fairly symmetric in shape such that the major 482 
and minor axes being mostly equal. However, as the moisture content reduces further, the experimental curves 483 
indicate that the cells become irregular and    gradually increases. In this stage, even the current single cell 484 
model does not account for this real cellular behaviour, and it should be a result of not incorporating any tissue 485 
related intercellular bonds in the model. This reconfirms the importance of developing tissue drying models to 486 
improve the prediction accuracy. Next, Fig. 6(f) implies that the    ⁄  remains almost unchanged during the 487 
whole drying cycle. The model predictions are also in good agreement with these experimental findings and the 488 
new model still seems to perform comparatively better. However, as explained above, tissue models are 489 
recommended to improve the prediction by accounting for the influence of intercellular bonds, uneven 490 
deformations of surrounding cells and bulk scale material deformations. It can be further identified that the 491 
tissue related effects mainly influence on derived cell geometric parameters such as  ,    and   rather than the 492 
basic parameters such as  ,   and   that are mainly driven by localized changes of individual cells.   493 
4.4. Cellular deformations influenced by the cell wall contraction effects (WC), the cell wall drying effects 494 
(WD) and the positive cell turgor pressure effects (TP) 495 
 496 
Firstly, as shown in Fig. 7, the effects of the newly introduced model improvements were qualitatively studied 497 
to observe how they affect model predictions. Fig. 7(a) corresponds to the original model that accounts for cell 498 
wall contraction effects (WC), cell wall drying effects (WD) and positive cell turgor pressure effects (TP). The 499 
visualizations presented in Fig. 7(b) represent the model behaviour when the cell wall contraction effects (WC) 500 
are omitted. It is observed that the cell would then experience only a very limited shrinkage and it is not in a 501 
good agreement with the experimental observations as presented in Fig. 4. Therefore, it implies that the cell wall 502 
contraction effects are important to improve model predictions. In Fig. 7(c), if the cell wall drying effects (WD) 503 
are omitted, the model behaviour is very similar to the original model implying that the cell wall drying effects 504 
do not contribute to any significant improvement. However, we emphasize here that the WD effects are indeed 505 
needed to realize cell wall contraction effects, because the wall contractions are actually driven by moisture 506 
reduction of cell wall itself. We have further observed that the cell model is more stable particularly at 507 
extremely dried cell states, when WD effects are involved. Next, the Fig. 7(d) represents the model behaviour 508 
when the positive cell turgor pressure effects (TP) are not used. It is clearly seen that, without a sufficiently  509 
 510 
 511 
 512 
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       = 1.0      = 0.8      = 0.6      = 0.4      = 0.2 
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(c) 
 
(d) 
 
(e) 
 
 
Fig. 7. Influence of cell wall contraction effects (WC), cell wall drying  effects (WD) and positive cell turgor pressure effects (TP) on 
cellular deformations: (a) with WC, WD and TP. (b) without WC. (c) without WD. (d) without TP. (e) without WC, WD and TP. 
 513 
higher positive turgor pressure, the cell shape considerably deviates from the realistic cell shapes as observed 514 
from experiments, especially in extremely dried states (Fig. 4(d)). Therefore, it is evident that the positive turgor 515 
pressure effects are also important to improve the model predictions. Finally, our previous model [44] is shown 516 
in Fig. 7(e), which doesn’t involve any of theWC, WD or TP effects and the cell undergoes considerable local 517 
warping, which eventually leads to the inconsistent geometric parameter prediction trends as discussed in 518 
Section 4.3. Further, when considering the deformed cell shapes in Fig. 7, the capability of the proposed SPH-519 
DEM approach is evident in terms of accounting for excessive cell wall wrinkling of dried plant cells in  520 
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Fig. 8. Effects of cell wall contractions (WC), cell wall drying (WD) and positive cell turgor pressure (TP) on normalized cellular 
parameters: (a)    ⁄ , (b)    ⁄ , (c)    ⁄ , (d)    ⁄ , (e)      ⁄ , (f)    ⁄ .  
 521 
alignment with the experimental findings. This is a distinct advantage of using a meshfree approach rather than 522 
the conventional grid-based methods that have not demonstrated any clear capability to accommodate cell wall 523 
wrinkling during drying [24].  524 
 525 
A quantitative study was also conducted using the cellular geometrical parameters to further elaborate the new 526 
model improvements and the results are presented in Fig. 8. When the WC effects are omitted, it is clearly 527 
observed that the     ,      and      trends in particular, deviate significantly compared to the experimental 528 
curves (see Fig. 8(a)-(c)). The deviations become even significant when the cells get further dried. If the WD 529 
effects are neglected, it is observed that there is only a limited influence on the model predictions. However, as 530 
explained in Section 2.2, it is still recommended to use WD effects in the model. When TP effects are excluded, 531 
    ,     ,      and      trends in particular, show a significant disagreement with the experimental 532 
findings, mainly when referring to extremely dried cell states. When all the WC, WD and TP effects are 533 
excluded, the model shows significant deviations of the     ,      and      trends, particularly in extremely 534 
dried conditions. These qualitative findings reconfirm the significance of the newly added WC, WD and TP 535 
effects for the accuracy of model prediction. The next sections present several studies conducted to observe the 536 
model sensitivity to key model parameters. 537 
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Fig. 9. Simulated dried cells at    ⁄ = 0.1 with different force coefficients of cell wall contractions (   ): (a) 0.01    , (b) 0.1    , (c) 0.5 
   , (d)     (= 9 ×10
4     ), (e) 5    . 
 
 
 
 
Fig. 10. Effects of force coefficient of cell wall contractions (   ) on normalized cellular parameters: (a)    ⁄ , (b)    ⁄ , (c)    ⁄ , (d) 
   ⁄ , (e)      ⁄ , (f)    ⁄ .  
 
 
4.5. Model sensitivity to the force coefficient of cell wall contractions (   ) 538 
 539 
Here we present how the     variations can influences the model predictions. Four different     values were 540 
tested and the qualitative results on extremely dried cell states are presented in Fig. 9. The original model is 541 
presented in Fig. 9(d). It is observed that, when lower     values are used (Fig. 9(a) and (b)), the cell 542 
experiences a higher degree of local warping or wrinkling effects. When the     is gradually increased, the cell 543 
becomes fairly circular (Fig. 9(c)). If higher     values are used ((Fig. 9(e))), the cell tends to maintain a fairly 544 
circular shape, but the dimensional shrinkage becomes dominant due to the intense cell wall contraction forces.  545 
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Fig. 11. Simulated dried cells at    ⁄ = 0.1 with different cell wall bending stiffness (  ): (a) 0.01   , (b) 0.1   , (c)    (= 5 × 10
-12 
        ), (d) 10   , (e) 100   . 
 
 
 
Fig. 12. Effects of cell wall bending stiffness (  ) on normalized cellular parameters: (a)    ⁄ , (b)    ⁄ , (c)    ⁄ , (d)    ⁄ , (e)      ⁄ , 
(f)    ⁄ .  
 
 
Therefore, higher     values can be recommended for plant cell drying models in order to replicate shrinkage 546 
behaviour of actual dried cells as shown in Fig. 4. Further, a quantitatively study was conducted by referring to 547 
the usual cellular geometrical parameters and the results are presented in Fig. 10. From Fig. 10(a)-(d), it is 548 
evident that the cell models with lower     values significantly deviate from the experimental curves in 549 
comparison to the higher     values. When comparing Fig. 10(a)-(d), the deviation trends imply that the model 550 
is highly sensitive to the    , especially in case of basic geometric parameters such as     ,      and     . 551 
Its influence on derived shape parameters such as     ,        and      are comparatively lower, which is 552 
mainly due to the cancellation of similar effects when calculating such parameters.   553 
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4.6. Model sensitivity to the cell wall bending stiffness (  ) 554 
 555 
   is also a key parameter that influences the cell shape and in this analysis, four different   values of different 556 
order of magnitudes were tested and qualitative results are presented in Fig. 11 (only the extremely dried cell 557 
states are shown). It should be noted here that, although we have treated   ,   and   as independent parameters 558 
in the cell wall model, in real cell walls these parameters are interrelated and the nature of the cell wall fibrous 559 
structure determines the overall behaviour of the cell wall. However, in this particular sensitivity analysis the    560 
was varied while maintaining   and T constant, in order to give an insight of the specific model behaviour as a 561 
function of   . Compared to the original cell model presented in Fig. 11(c), lower    values result in 562 
particularly localized warping or wrinkling effects as observed from Fig. 11(a) and (b). This implies that the    563 
fundamentally improves the buckling stability of the cell wall by resisting excessive local wrinkling of the cell 564 
wall. When moderately higher    values are used, as shown in Fig. 11(d), the cell still maintains the basic 565 
circular shape. However, when higher    values are used, cell shape seems to deviate significantly from basic 566 
circular shape and tends to form large scale cell wall warping or wrinkling as shown from Fig. 11(e).  567 
 568 
Although this cell wrinkling behaviour fundamentally replicates a wrinkled cell wall, the resulted cell shape is 569 
significantly different from the actual dried cells observed from experiments as presented in Fig. 4. Compared to 570 
the other    values used in this study, this particular shrunk model behaviour is caused by two main reasons: the 571 
comparatively lower moisture content and the higher   .  For instance, based on the simulation results, the final 572 
normalized moisture content of the 100    case is 0.075 which is about 15% lesser than the values for 0.01    , 573 
0.1    and 10    which are in the range of 0.087 – 0.088 ( see Fig. 12(a)). As a result of this excess moisture 574 
reduction, volume of the cell is lower compared to other cases and should indicate an additional shrunk 575 
behaviour. Further, since a very higher    was used here, the cell wall tries not to allow distributed local 576 
wrinkling patterns during this shrinking process and therefore, the cell eventually owns several large scale 577 
wrinkles along the cell wall as observed in Fig. 11(e). This particular lower moisture content behaviour of dried 578 
cell models at higher    values implies further that the time evolution of the cellular moisture is influenced by 579 
extremely higher    values.  580 
 581 
As presented in Fig. 12, the normalized cellular geometrical parameters were also analyzed to elaborate the 582 
model behaviours further. The general observation is that the 0.01    , 0.1    and 10    curves do not show any 583 
significant difference when compared to the original model. This indicates that, even though there are 584 
identifiable localized cell shape changes in case of lower    values as observed from Fig. 11, those are not 585 
reflected in quantitative parameters, basically due to normalization. Furthermore, there are some significant 586 
prediction differences in higher    values such as 100   , as observed from the     ,     ,     ,        587 
and      plots (Fig. 12(a), (b) and Fig. 12(d), (e)). Also, when referring to Fig. 12(c), it is interesting to see that 588 
the normalized cell perimeter trends are fairly independent of the   . This phenomenon can be expected and 589 
explained by referring to the definition of the cell wall bending stiffness force fields as described in Section 2.2.  590 
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Fig. 13. Simulated dried cells at    ⁄ = 0.1 with different cell wall stiffness ( ): (a) 0.5  , (b)   (= 54  ), (c) 2 , (d) 4  , (e) 8  . 
 
 
 
Fig. 14. Effects of cell wall stiffness ( ) on normalized cellular parameters: (a)    ⁄ , (b)    ⁄ , (c)    ⁄ , (d)    ⁄ , (e)      ⁄ , (f)    ⁄ .  
 
Since the bending forces act perpendicular to the wall elements, they do not cause any force influence along the 591 
wall elements to stretch or compress them in the hoop direction of the cell. 592 
4.7. Model sensitivity to the cell wall stiffness ( ) 593 
 594 
Cell wall stiffness ( ) can vary depending on the biological variability of cells and their physical conditions. 595 
Such variations can directly influence any tensile or compressive responses of the cell wall. In this study, the 596 
 (≈   ⁄ ) was varied to have different   values. In Fig. 13, the qualitative results corresponding to extremely 597 
dried cell states are presented and the original model is used as a reference for comparison (Fig.  598 
 599 
13(b)). The general insight is that the cells with stiffer cell walls resist shrinkage and usually tend to retain larger 600 
cellular dimensions. As shown in Fig. 14, the usual cellular properties were also analyzed to identify possible 601 
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trends. The stiffness influence is clearly observed in basic cellular parameters such as    ⁄ ,    ⁄  and    ⁄  602 
(Fig. 14(a)-(c)), where a higher level of shrinkage resistance is observed with stiffer cell walls. Since all the cell 603 
shapes are fairly circular, the derived geometric parameters such as    ⁄ ,      ⁄  and    ⁄  show no 604 
differences when referring to Fig. 14(d)-(f), which should be due to the cancellation of similar effects when 605 
calculating these parameters. 606 
 
5. Conclusion  607 
 608 
An improved mesh free based 2-D single cell model has been developed to simulate micro-scale deformations 609 
of plant cells during drying by incorporating several new model features. A wide range of simulations have been 610 
conducted on dried cells to demonstrate the significance of the proposed model modifications. In most of the 611 
instances, a fairly good agreement has been observed between the experimental findings and model predictions. 612 
Compared to the state of the art gird-based plant cell drying models, we have shown that the proposed model is 613 
capable of simulating actual drying phenomenon of plant cells characterised by excessive moisture content 614 
reduction (about 90% achieved rather than 10-30% reported in grid-based models), turgor loss and cell wall 615 
wrinkling. Further, when comparing the cell model performance with the state of the art SPH-DEM based plant 616 
cell models that show about 4-7% of model inconsistency error, our model is far better since the error is well 617 
below 1%. The cell fluid incompressibility could also be ensured since the maximum density fluctuation was 618 
limited to 0.02%. The main conclusions of this work can be summarised as follows: 619 
 620 
 The newly introduced cell wall contraction forces improved the model predictions on cell perimeter 621 
and resulted in fairly circular dried cell shapes. When the intensity of the cell wall contraction forces 622 
are lower (i.e. at lower    ), local warping or wrinkling becomes evident in the cell wall. In contrast, if 623 
higher cell wall contraction forces are used, the cell tends to maintain a fairly circular shape. The cell 624 
model is highly sensitive to the     especially in the case of basic geometric parameters such as     , 625 
     and      than in case of derived geometric parameters such as     ,        and     . 626 
 The newly introduced positive turgor pressure hypothesis improves the model predictions particularly 627 
on     ,      and      by maintaining fairly circular cell shapes throughout different dryness states 628 
and avoiding excessive deformations or collapse of the cell at extremely dried conditions. 629 
 Although the cell wall drying effects were not significantly causing any model prediction differences, 630 
its use is still recommended in order to logically support the cell wall contractions during drying and to 631 
improve the stability of the model.  632 
 The cell wall bending stiffness shows some influence on maintaining a fairly circular cell shape and the 633 
cell model is only sensitive to very high   values such as 100    that cause significant cell shape 634 
alterations. Such high    values however, have fairly insignificant effects on the normalized cell 635 
perimeter trends, since the cell wall bending forces do not cause any force influence in the hoop 636 
direction of the cell wall. 637 
24 
 
 Cells that have comparatively higher wall stiffness tend to resist shrinkage and the resulting dried cells 638 
are comparatively larger in size. This influence is clearly observed from the basic cellular parameters 639 
than in case of derived geometric parameters. 640 
 Since the cell perimeter and area reductions within tissues are actually caused by local changes of the 641 
individual cells, the single cell models provide a reliable means of studying the underlying mechanics 642 
in detail.  643 
 Experimental findings indicate that the real cells in tissues have wrinkled cell walls irrespective of the 644 
dryness state and wrinkling becomes more evident when the cells are dried. We argue that these effects 645 
are mainly due to the intercellular interactions, which are difficult to be simulated by using a single cell 646 
model. Therefore, tissue level studies will have to be conducted and the outcomes of this work will be 647 
very useful since the tissue models can be developed by using these single cell models a building block 648 
[71]. 649 
 650 
These points imply that the SPH-DEM based cell model proposed in this work is highly applicable for 651 
modelling structural deformation of plant cells during drying. The model can be further improved by 652 
incorporating actual turgor pressure behaviour of cells during drying which should be studied using extensive 653 
experimental investigations. Further, studies on incorporating improved time integration methods, ways to 654 
minimize particle disorders, and extending to tissue models and 3-D models are potentially interesting topics for 655 
future research. In case of the tissue models, this work could be used as a building block to develop more 656 
complex tissue models and even be extended to bulk level material models with the use of multiscale 657 
techniques. Also, the approach can even be used to study different plant cell types and tissue varieties since the 658 
SPH-DEM scheme is fundamentally flexible for such improvements. Therefore, the approach proposed in this 659 
work could eventually be applied for product and process improvements in Food Engineering.  660 
6. Nomenclature 661 
 662 
  Cell top surface area (  ) 
   Cell top surface area at fresh condition ( 
 ) 
     Normalized cell area  
   Total surface area of the cylindrical cell ( 
 ) 
  Cell compactness  
   Cell compactness at fresh condition 
     Normalized cell compactness  
  Cell feret diameter ( ) 
       Major axis length ( ) 
       Minor axis length ( ) 
   Cell feret diameter at fresh condition ( ) 
     Normalized cell feret diameter  
  Young’s modulus of the cell wall material (   ) 
25 
 
   Cell elongation  
    Cell elongation at fresh condition 
       Normalized cell elongation  
   Cell wall stiff forces ( ) 
   Cell wall damping forces ( ) 
    Wall-fluid repulsion forces ( ) 
    Wall-wall repulsion forces ( ) 
   Wall-fluid attraction forces ( ) 
   Forces due to bending stiffness of the wall ( ) 
   Cell fluid pressure forces ( ) 
   Cell fluid viscous forces ( ) 
  Shear modulus of the cell wall material (   ) 
  Cell fluid compression modulus (   ) 
  Width of a given discrete wall element ( ) 
   Width of a given discrete wall element at fully turgid state ( ) 
   Initial width of a given discrete wall element ( ) 
   Cell wall permeability ( 
    s) 
  Cell perimeter ( ) 
   Cell perimeter at fresh condition ( ) 
     Normalized cell perimeter 
   Pressure of any particle a (  ) 
   Initial cell turgor pressure (  ) 
  Cell roundness 
   Cell roundness at fresh condition 
     Normalized cell roundness 
  Ratio between particle distance and smoothing length (     ) 
  Cell wall thickness ( ) 
   Initial cell wall thickness ( ) 
TP Positive cell turgor pressure effects 
  Smoothing kernel 
WD Cell wall contraction effects 
WC Cell wall drying effects 
X X - coordinate axis 
  Dry basis moisture content (kg water/kg dry solid) 
   Dry basis moisture content at fresh condition  
     Dry basis normalized moisture content 
Y Y - coordinate axis 
  Cell height ( ) 
26 
 
Z Z - coordinate axis 
   Initial cell height ( ) 
   Cell height at the previous time step ( ) 
      Cell height at the current time step ( ) 
  
  
 Strength of the LJ repulsion forces between fluid and wall particles (    ) 
  
   Strength of the LJ repulsion forces between non-bonded wall particles (    ) 
  
  Strength of the LJ attraction forces between fluid and wall particles (    ) 
  Smoothing length ( ) 
   Initial smoothing length ( ) 
   Bending stiffness of cell wall material (      
  ) 
    Force coefficient of cell wall contractions (  
  ) 
   Mass of any particle a (  ) 
   Cell fluid particle number 
   Cell wall particle number  
  Cell radius ( ) 
    Distance between any given particle a and b ( ) 
  Time ( ) 
    Velocity of any given particle a relative to any other particle b (  
  ) 
    Position vector of any given particle a relative to any other particle b ( ) 
   Time step ( ) 
   Initial fluid grid spacing ( ) 
   Change of external angle   of any given wall element (   ) 
  Osmotic potential of the cell (  ) 
  Factor governing the relationship between any cell wall element’s Z direction extension ratio and    
  Parameter that relate 2-D deformations to 3-D deformations 
  Cell wall damping constant (     ) 
   Initial minimum allowed gap between outer most fluid particles and the cell wall ( ) 
  External angle between any adjacent cell wall elements (   ) 
   Extension ratio of any given cell wall element  
   Dynamic viscosity of any particle a (    ) 
   Density of any given particle a (    
  ) 
   Initial density of the cell fluid (    
  ) 
  
  2-D density  of any given particle a (  
     ) (    
  ) 
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8. Appendix 670 
8.1. Cell wall model (DEM) 671 
 672 
Here the    forces represent the cell wall resistance on extensions or contractions due to internal or external 673 
force interactions. Considering each wall element, a spring model is used to define the stiff forces      on any 674 
wall particle   due to any bonded wall particle   as [39]: 675 
 676 
 677 
where,   is the shear modulus (    ) and   being the Young’s modulus of the wall material,    is the initial 678 
cell height,    is the initial cell wall thickness,    =    ⁄  is the extension ratio of any cell wall element at the 679 
current time step,   is the width of the wall element  at the current time step (distance between particle   and  ), 680 
and    is its initial un-deformed width. Further, the parameter   is calculated with   = 0.5 for cylindrical cells 681 
as follows [39]: 682 
 683 
 684 
In Eq. 1,    forces represent the viscous behaviour of the fibrous cell wall boundary and are defined by using a 685 
linear dashpot model. So viscous forces      acting on any wall particle   due to the neighbouring wall particles 686 
   are defined as [39]: 687 
 688 
 689 
where,   is the cell wall damping constant and     is the velocity of particle   relative to particle  . The  
  , 690 
    and     forces in Eq. (1) were used to define the wall-fluid interactions and boundary conditions. To ensure 691 
the stability of the particle scheme by avoiding any fluid particle penetrations through the wall, the     forces 692 
were mainly used to create a repulsive force field between the cell fluid and wall particles. These    forces act 693 
through the centre of any interacting wall-fluid particle pair of interest, in an equal and opposite manner (only 694 
the forces on the wall particle   are shown in Fig. 2). Therefore, the repulsion forces       on any wall particle 695 
  from any other fluid particle   are defined as [26, 39]: 696 
 697 
           (   
 
    
 )   (4)  
  
√  √ 
           
 
 
   
(5)  
                (6)  
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 698 
where,     
  
 is the magnitude of the repulsion force and     is the position vector of particle   relative to particle 699 
 . The    
  
 is defined according to Lenard-Jones (LJ) force type as [39]: 700 
 701 
where,    is the initial gap between the two particles,     is the current gap between them and   
  
 is the strength 702 
of the LJ contact. Furthermore, in Eq. 1, to avoid unphysical self-penetration of the non-bonded wall-wall 703 
particles, a similar force interaction was used to define the repulsion forces       with a LJ contact strength of 704 
  
  . Thereafter, in order to ensure the cell fluid is sufficiently attached to the cell wall, especially in the case of 705 
dried cells, the wall-fluid attraction forces were used within the cell wall model. These forces act only if the gap 706 
between fluid and wall particles of any interacting particle pair increases, compared to the initial gap between 707 
them. These attraction forces      on any wall particle   due to any neighbouring fluid particle   were defined 708 
using the above mentioned LJ interactions with an LJ contact strength of   
 .  709 
 710 
Following this, as shown in Eq. 1, a bending stiffness term (    ) was used to account for the resistance that 711 
plant cell walls create when they experience local bending and wrinkling, particularly during drying. Several 712 
recent researchers [72-74] have used cell wall bending stiffness effects in their red blood cell models by 713 
applying resistive bending moments based on the local changes of the cell wall curvature. We used a similar 714 
concept and these bending moments were finally resolved into equal and opposite forces acting on each adjacent 715 
wall particles in respective particle pairs, such that they act perpendicular to the particular wall element (see Fig. 716 
2). Accordingly,    on any wall particle   within the   and   particle pair is simply defined as: 717 
 718 
 719 
where,    is the cell wall bending stiffness,   is the width of any given wall element at any given time step,   is 720 
the external angle between the particular wall element and the adjacent wall element as shown in Fig. 2 and    721 
is the change of the   angle during time evolution.  722 
 723 
8.2. Cell fluid Model (SPH) 724 
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In Eq. (3), the first two terms come from the momentum equation of the standard Lagrangian type SPH 726 
formulations used to model weakly compressible low Reynold’s number fluid flows [39, 63]. Accordingly, the 727 
pressure forces (     ) and viscous forces ( 
 
     of any given fluid particle  , are defined using the properties of 728 
the neighbouring fluid particles    as: 729 
 730 
 731 
 732 
where at any given time,  ,  ,  ,  ,    and  are the particle mass, pressure, density, dynamic viscosity, cell 733 
height and the smoothing kernel. For the smoothing kernel , the quartic smoothing kernel was used for higher 734 
accuracy and stability rather than the commonly used cubic spline kernel [26]. The   is calculated for any 735 
given fluid particle   as: 736 
 737 
 738 
where,   is the smoothing length at the current time step,   is the ratio of        and       is the gap between 739 
particle   and any surrounding fluid particle   , that exists within the influence domain of the particle   (    740 
 ). When quantifying    , the   should be such that approximately 20 particles are maintained within the 741 
influence domain of any fluid particle   of this 2-D model [26, 44]. Since the cell dimensions can largely vary as 742 
the cells are getting dried, in order to ensure the above constrain on particle number, the smoothing length   is 743 
dynamically adopted using a geometrical relationship as:  744 
 745 
 746 
where,   is the average cell feret diameter at the current time step,    is the initial cell diameter and    is the 747 
initial smoothing length (see Table 1). As the system evolves with time, the following equation is used to update  748 
the fluid particle pressure as a function of fluid density variation [26, 39]: 749 
 750 
 751 
          ∑   (
  
  
  
   
   
 ) (
 
 
)      
  
  
(10)  
         ∑
                
     
(
 
 
) (
 
    
     
     
)
  
   
(11)  
    
  
    
{
 
 
 
 (
 
 
 
 
 
   
  
  
   
 
  
  )             
 
 
 
                                                                         
 (12)  
   (
 
  
)      (13)  
        [(
  
  
)
 
  ]   (14)  
30 
 
where,    is the uniquely set initial cell turgor pressure for each of the dried cell simulation (see Section 2.5.),   752 
is the fluid compression modulus,    is the current density of each fluid particle, and    is its initial density 753 
assumed to be equal to the density of water. Here, the   needs to be set sufficiently higher to ensure the fluid 754 
behaves in a fairly incompressible manner within the SPH scheme by limiting density fluctuations [39], and the 755 
value we used is given in Table 1.  Next, the density of any fluid particle   is evolved using the following 756 
equation [39]: 757 
 758 
The first term in Eq. (15) accounts for slight density changes of the cell fluid as the cell deforms in XY plane 759 
and   
  is the 2-D density of fluid particle   defined as   
     . Then the   
  fluctuations are defined using the 760 
standard SPH continuity equation as: 761 
 762 
 763 
The second term in Eq. (15) adds a correction to the density evolution by compensating for any cell height 764 
changes and is defined as: 765 
 766 
 767 
where, at any given time,       and    are the cell heights at the current and previous time steps and    is the 768 
time step size. Here, the cell height is time evolved by considering the incompressibility of the cell wall material 769 
as [39]: 770 
 771 
 772 
The third term in Eq. (15) accounts for the slight density changes within the SPH scheme as a result of the cell 773 
fluid mass transfer through the semi-permeable cell wall when there is a scalar difference between the cell fluid 774 
osmotic potential and the turgor pressure. This particular mass transfer mechanism is defined as [39, 45]: 775 
 776 
 777 
where   ,   ,    and   represent total surface area of the cylindrical cell at any given time, cell wall 778 
permeability assumed to be uniform all over the cell surface, total number of fluid particles used to model the 779 
cell fluid, and the osmotic potential of the cell fluid at a given dried cell state. The latter is carefully set to 780 
control the cell turgor pressure [9], because the amount of fluid transferred across the cell wall ceases when the 781 
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value of    (> 0) becomes equal to the scalar value of  . When simulating different dried cell states, Eq. (19) 782 
was the key relationship that was used to maintain the desired cell turgor pressure values (see Section 2.4 and 783 
2.5 for more details).  784 
 785 
The final two terms in Eq. (3) represent the repulsion forces       and attraction forces  
 
   that act on a given 786 
fluid particle   due the interaction of wall particles   within the influence domain of the particle  . This is 787 
essential, in order to maintain the cell fluid within the cell wall boundary without any undesirable penetrations. 788 
These two forces are defined in the same LJ force type as described in Section 8.1 as: 789 
 790 
 791 
 792 
This particular approach of using LJ forces for the boundary treatment is fairly different from the conventional 793 
SPH approaches used to achieve no-slip boundary conditions, such as using ghost particles on the opposite side 794 
of the boundary [75] or simply using outermost SPH particles to represent the boundaries by incorporating 795 
additional elastic contacts [72]. We followed the above mentioned simplified approach, which has been used by 796 
researchers on SPH-DEM based plant cell models [39]. The technique ensures the prevention of fluid particle 797 
penetrations through the cell wall while satisfying no-slip conditions with the use of this coarse LJ force 798 
interactions between cell fluid and wall. Also, this particular technique has been successfully applied for SPH 799 
simulations of the low Reynolds’ number shear cavity flow [26]. Since the cell fluid satisfies low Reynolds’ 800 
number high-viscous characteristics, this simplified approach was used in our work which resulted in stable 801 
fluid-wall interactions.  802 
8.3. Drying Experiments and Cell Geometry Analysis 803 
 804 
The Gala apples used for the experiments were obtained from a local supermarket in Brisbane - Australia and 805 
the initial wet basis moisture content (kg water / kg wet solid) was measured to be 0.84 ± 0.01. Firstly, ring shaped 806 
slices of inner diameter 25 mm and outer diameter 60 mm were cut from the middle parenchyma region of the 807 
fruit. Then, 3% citric acid solution was used to pre-treat the slices for about 1 minute and these were then used 808 
for drying experiments conducted in a hot air oven dryer. The dryer maintains a forced-convective drying 809 
environment at 70   with a consistent air velocity of 1.5     . With this dryer, a series of individual drying 810 
experiments were conducted on independent groups of apple slices to obtain dried tissue samples corresponding 811 
to 30, 60, 90, 120, 150, 180 and 210 minutes of dying. At the end of each individual drying cycle, one half of 812 
the obtained dried samples were used for moisture content determinations and the other half was used for 813 
microstructural investigations. For the moisture content determinations, a weight-based method was used and 814 
the initial weights of the oven-dried samples were initially recorded. Then the complete dry mass values of the 815 
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samples were obtained after a series of secondary drying processes conducted at 100   for about 18 hours. 816 
These mass values were then used to calculate the dry basis moisture content of each sample. All the 817 
experiments were repeated once to obtain average results. 818 
 819 
All the samples used for microstructural examination were firstly cut in to cubic specimens of 10 mm   5 mm   820 
5 mm. To fix the structures of these samples, these were initially coated with a fixative solution containing 2.5% 821 
glutaraldehyde, 4% paraformaldehyde and 0.1   cacodylate buffer (pH 7.2) and then kept stored for about 12 822 
hours at 4 . The samples were then rinsed with a 0.1 M cacodylate buffer (pH 7.4) before post fixing with 823 
cacodylate-buffered 1% osmium tetroxide for 4 hours at room temperature. Next, ethanol solutions of 824 
incremental concentrations of 50%, 70% and 90% were twice used for 10 minutes in each case to dehydrate the 825 
samples. The samples were finally dehydrated using a 100% ethanol solution for 10 minutes. Next, a Critical 826 
Point Drying [76, 77] apparatus was used to dry these dehydrated samples and it was conducted twice for 30 827 
minutes in each case. To obtain fresh-open cross sections for microscopic examinations, these prepared samples 828 
were fractured by freezing in liquid Nitrogen. This method of fracturing helps to avoid any external damages 829 
that the tissue surface can undergo if conventional mechanical fracturing or sectioning methods are used. The 830 
samples with these fresh-open cross sections were then mounted on metal stubs using double-sided carbon tape 831 
and sputter coated with gold up to 10    using an automated sputter coater. These prepared samples were then 832 
examined in a FEI Quanta 200 Environmental Scanning Electron Microscope (SEM) at 20   , and imaged at 833 
200× magnification with an image size of 885 × 1022 pixels. To determine quantitative cell-wise details, the 834 
obtained SEM tissue images were eventually analyzed by ImageJ software (version 1.46) and the cell-wise 835 
average area, feret diameter, perimeter, roundness, elongation and compactness were quantified and recorded.  836 
 837 
 838 
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